Cholesterol is essential to the formation of phase separated lipid domains in membranes. Lipid domains can exist in different thermodynamic phases depending on the molecular composition, and play significant roles in determining structure and function of membrane proteins. We investigate the role of cholesterol in the structure and dynamics of ternary lipid mixtures displaying phase separation using Molecular Dynamics simulations, employing a physiologically-relevant span of cholesterol concentration. We find that cholesterol can induce formation of three regimes of phase behavior, I) miscible liquid disordered bulk, II) phase separated, domain registered coexistence of liquid disordered and liquid ordered and domains, and III) phase separated, domain-antiregistered coexistence of liquid-disordered and newly-identified nanoscopic gel domains composed of cholesterol threads we name "cholesterolic gel" domains. These findings are validated and discussed in the context of current experimental knowledge, models of cholesterol spatial distributions, and models of ternary lipid mixture phase separation.
INTRODUCTION
Certain mixtures of lipids, sterols, and proteins in lipid bilayers laterally separate to two or more domains of unique composition, divided by macroscopically-distinguishable interfaces.(1) Eukaryotic membrane lipid bilayers can be composed of thousands of unique lipids and proteins, and of the many sterols that can exist in membranes, cholesterol (Chol) is ubiqui-
tous.(2)
Mammalian plasma membranes tend to contain 1:3 to 1:1 ratios of cholesterol to phospholipids,(2, 3) though phospholipid membranes can accommodate approximately 66 mol% Chol(4-7) and this upper limit is approached in plasma membranes of astrocyte cells in Alzheimer's disease patients. (8, 9) Mixtures of lipid and Chol have been used to understand the phase behavior of complex lipid membranes since the late 1960s. The main lipid phase transition, from gel (s o ) to liquid crystalline (L α ) phase, was first characterized through observation of a large peak in heat capacity at the melting temperature (T m ) in differential scanning calorimetry (DSC) experiments. ( and L d domains on membrane surfaces are evidenced to be central to protein structure, interaction, and function, as many proteins have different affinities for domains. (14, 15) Formation of domains of lipids in bilayers has been called "lipid phase separation," "lipid domain formation," or "lipid raft formation," each of which has distinct meaning. (1) In general, these terms are used to describe the binary liquid-liquid phase separation that features coexistence of L d and L o phases in the membrane. Over the past 15 years, many investigations have focused on ternary mixtures of Chol with one high and one low melting temperature (T m ) lipid species. (16) Multiple points on phase diagrams of lipid bilayer phase separations resulting from mixtures of saturated lipids, unsaturated lipids, and cholesterol have been observed using fluorescence spectroscopy, (17, 18, (27) (28) (29) (30) (31) (32) (33) (34) (19) (20) (21) (22) (23) (24) (25) (26) x-ray scattering, (20, (35) (36) (37) (38) (39) (40) atomic force microscopy (AFM), (18, 37, 41, 42) NMR, (24, 30, 32, 43, 44) interferometric scattering, (45) and Raman spectroscopy, (46, 47) allowing us to achieve a general concept of ternary lipid mixture phase diagrams.
In Figure 1 we briefly summarize the current picture of ternary phase diagrams. At relatively lower T (or higher T m ) s o is evidenced to exist as a macroscopic phase separated state via fluorescence experiments, AFM, and NMR. s o can disappear at physiological temperatures due to presence of Chol (11, (48) (49) (50) (51) or unsaturated lipids, (52) (53) (54) (55) which lower the T m of saturated lipids. At high (≳40 mol%) Chol concentrations macroscopic phase separations disappear. Critical fluctuations in domain mixing manifest at one or two points in ternary phase diagrams, depending on whether the immiscible region is open or closed. (27, 30, (56) (57) (58) (59) Modern fluorescence, (34, 60) x-ray, (39, 61) and AFM experiments (41, 42) Many theoretical works have considered the inter-leaflet coupling of lipids and domains, and arguments in favor of interleaflet registration or anti-registration of domains have been presented. Preference of domains for local curvature of the membrane surface as well as inter-leaflet interaction between domains can significantly impact the free energy of the membrane. Small, microscopic domains can form that preferably register or anti-register with domains of the opposing leaflet depending on the relative degree of local curvature. (66) (67) (68) (69) (70) (71) (72) (73) Typically, experimental approaches cannot discern the thermodynamic phase and degree of mixing of both lipid leaflets in bilayers of symmetric leaflet composition. Much work has been done to consider inter-leaflet interactions of domains using bilayers of strictly asymmetric leaflet composition, where inter-leaflet domain registration has been observed. (65, (74) (75) (76) However, the methods employed, such as use of supported monolayers, may limit the generality of the conclusions of these studies. It is known that Chol strongly prefers to partition to regions of concave curvature. waters per lipid were used, and 10% of these used MARTINI anti-freeze parameters to prevent spontaneous nucleation of ice droplets. NaCl at 150 mM concentration was used to approximate physiological salt conditions. We previously found that the MARTINI mixture of DPPC, DIPC, and Chol at 35:35:30 mol% needs to be modelled with more than 1,480 lipids to observe stable macroscopic domain formation.(81) Arguments based on a Flory-Huggins model suggest the need for similarly large systems to observe macroscopic domain formation in other mixtures. In this work, we construct all systems with 3040 lipids, substantially larger than the critical size, such that the PBC will not prevent the observation of domain formation and phase coexistence.
B. MD Simulation
Each initial configuration was minimized using the 
C. Atom selections
To analyze the coordinates of lipid head groups in the MARTINI model, we define head groups as the PO4 bead of DPPC and DIPC and the ROH bead of Chol. Lipid tail groups are defined as C2A and C2B for DPPC, D2A and D2B for DIPC, and the centroid of R1, R2, R3, R4, and R5 for Chol.
Chol flip-flops between lipid leaflets were observed in the MARTINI model over the course of simulation. As several of the methods we apply here rely on discrimination between leaflets, we assign Chol to leaflets on a per-frame basis. For each Chol molecule, we find the shortest Chol-lipid head group distance within 1.5 nm, and assign Chol to the leaflet of that lipid.
D. Order Parameter Analysis
We describe the local concentration of Chol in the membrane in reference to DPPC and DIPC, such that we can infer the content of Chol in lipid domains. We use xy-plane Voronoi The extent of lateral mixing of DPPC and DIPC in membrane, which is typically used to define phase separation, is described with a binary lateral mixing entropy
where % is the likelihood of contacts between lipids of the same / and (2)
as explained in Supporting Information and Figures S2 and S3 .
For =1520, the number of lipids within a leaflet of our simu- MC test points ( Fig S1(B) ). To compute the domain overlap describing a random mixture given the same coordinates, we randomly shuffle the chemcial identity of lipids in both leaflets prior to calculation, finding Λ random.
The order of lipid tails parallel to the membrane normal was evaluated using the liquid crystal order parameter (P 2 ) of each lipid tail
where k is the index of the vector representing a lipid tail, j is the index of the director vector, and ^d is the angle between them.
Because the membrane becomes substantially undulated at higher Chol concentrations, using the z-axis as the director vector would not be informative as the structural order of lipid tails is correlated with the membrane surface undulation. In measuring order parameters, we use a plane of best fit for each k th lipid tail with its six nearest neighbors (indexed by l), found using the singular value decomposition of these coordinates ( Fig. S1(C) ). P 2 k is measured using the vector from the GL1 (GL2) to C4A (C4B) beads and the normal vector of this plane of best fit for the k th lipid ( Figure S1(D) ). Here we investigate the average ( ) ) for some selection of a number of lipid tails.
Only DPPC and DIPC were considered for this analysis as Chol is rigid.
To quantify the order of lipids parallel to the membrane surface, we used the six-fold Nelson-Halperin 2D bond-orientational order parameter
measured using the projections of the k th lipid tail and its six nearest neighbor lipid tails ( ( )) to its plane of best fit to measure ^O , the angle between the vector from the k th to the l th lipid tail and an arbitrary reference vector, chosen as the projection of the positive x-axis to the plane of best fit of the k th lipid tail.
The absolute value of this order parameter measures how well-packed a lipid tail is with its nearest neighbors, with a maximum at 1 (ideal packing). The complex vector of this order parameter describes the bond-orientation of each lipid tail, showing how an ideal hexagon centered on a tail is oriented ( Figure   S1 (E)). We use the angle of the complex vector measured against the reference vector to describe the orientation of each lipid tail in terms of f (degrees). We use the average of the absolute value (| f |) for some selection of a number of lipid tails of which DPPC, DIPC, and Chol were considered.
E. Transleaflet clustering
We which were discovered to be in contact with the n lipids.
RESULTS AND DISCUSSION

A. Spatial and structural equilibration
The impact of Chol concentration on the structure and dynamics associated with liquid phase behavior in lipid bilayers was investigated using a CG ternary lipid mixture observed to achieve macroscopic phase separation in molecular dynamics simulation. Simulations of DPPC, DIPC, and Chol lipids at 0, 3, 7, 13, 22, 30, 42, 53 , and 61 mol% Chol, maintaining DPPC and DIPC at equimolar ratios, were performed. Three 11 µs replicate trajectories of each system were sampled representing a total of 3 x 9 x 11 µs = 297 µs of simulation. By evaluation of four order parameters, mix , Λ, ) , and | f | (see Methods), we find most systems reach a stationary state by 3 µs. We hereafter refer to the time scale past 6 µs as equilibrium (Figure 2) .
B. Three regimes of phase behavior
We observe that the membrane becomes demixed at intermediate Chol concentrations (10-40 mol%) and that domains become registered in the phase separated state, which has previously been confirmed experimentally.(65) Additionally, we observe the well known phenomenon that the membrane becomes more ordered as Chol concentration increases. These Chol threads are much like our observed structures above 50 mol% Chol, in which we observe ≳66% of DPPC contacts to be with Chol ( Figure 4(A) ). We recently performed atomistic simulations to study Chol dimerization structures and found that Chol forms the face-to-back dimers which we observe here with high propensity, suggesting Chol forms threads form not only due to the umbrella effect. (113) Additionally, AFM experiments in ternary mixtures of similar mol% Chol observe the persistence of nanoscopic domains of unknown phase, which may be these domains we report here. (37, 50, 62, 63) Because these highly ordered domains also exhibit bondorientational order at the domain length scale (Results section C), making them very similar to the gel phase, we refer this phase as a "cholesterolic gel" (s oc )-a lipid gel phase which includes cholesterol. We summarize these observations into three apparent regimes of phase behavior, denoted regime I, miscible The s oc phase observed in this study is similar to a gel phase. While gel phases showing "hexatic" order have recently been reported in terms of the f order parameters, (114, 115) the s oc phase is distinct due to the lamellar arrangement of DPPC However, our results demonstrate that these quantities are sensitive to the concentration of Chol in the membrane, and particularly in each domain, which has not been considered in these models.
D. Transitions between regimes of phase behavior
In undergoing transitions between phase regimes we expect the system to present fluctuations in local lipid compositions with a disperse distribution of domain sizes. To explore the transitions, we identified transleaflet clusters of DPPC and Chol tails, defining aggregates of n intra-and m inter-leaflet tails at equilibrium ( Figure 6 , explanation in Methods, and illustration in Figure S6 ). We find that the structural order of domains is largely insensitive to domain size ( Figure S6 A polydispersity in domain sizes is observed at 7 and 42 mol% Chol. The transition from regimes I to II seems to be well-described by the 50% miscibility point, as the 7 mol% Chol system mix , is marginally lower than mix -.% (Figure 4(B) ). Additionally, order parameters at 7 mol% Chol show larger fluctuations at equilibrium than other system compositions ( Figure 2) .
The transition observed at 42 mol% Chol is apparently not welldescribed by mix -.% . However, the transition of domain overlap, Λ, to below Λ random indicates the onset of anti-registration at 42 mol% Chol (Figure 3(B) ), and there is a clear signature of this transition in ) and | f | (Figure 4 There may be biological implications of the s oc phase for determination of protein structure and function, as proteins can preferentially partition to particular lipid domains. For examples, amyloid precursor processing (APP) is known to change structure due to binding cholesterol (116) (117) (118) (119) or changes in membrane thickness, (120) (121) (122) which depend on lipid domain composition and structure. APP is processed by α-or βsecretase which residue in different lipid domains. (123) (124) (125) (126) If APP is processed by α-secretase, occurring at low mol% Chol, the amyloid cascade will not proceed and production of toxic amyloid beta (associated with Alzhimer's disease) will not occur. The complex phase behavior induced by cholesterol effects the structure, function, and processing of proteins in Alzheimer's and other diseases, and will therefore continue to be relevant to our understanding of these disease mechanisms. Figure 6 . Occurances of intra-(n) and inter-leaflet (m) lipid tails in transleaflet DPPC-Chol domains at equilibrium in each mol% Chol system.
